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To tal  mass  at ten u a tion  co ef fi cients,  µm, ef  fec  tive atomic num  ber, Zeff, and ef  fec  tive elec  tron
den sity,  Neff, of dif  fer  ent gases – car  bon di  ox  ide, meth  ane, acet  y  lene, pro  pane, bu  tane, and
pentane used in ra  di  a  tion de  tec  tors, have been cal  cu  lated for the pho  ton en  ergy of 1 keV to
100 GeV .  Each gas has con  stant Zeff val  ues be  tween 0.10 to 10 MeV pho  ton en  er  gies; how  -
ever, these val  ues are way far away from ICRU tis  sue. Car  bon di  ox  ide gas shows the clos  est
tis sue  equiv a lence  in  the  en tire  pho ton  en ergy  spec trum.  Rel a tive  tis sue  equiv a lences  of  the
mix  tures of gases with re  spect to ICRU tis  sue are in the range of 0.998-1.041 for air, ar  gon
(4.5%) + meth  ane (95.5%), ar  gon (0.5%) + car  bon di  ox  ide (99.5%), and ni  tro  gen (5%) +
meth ane (7%) + car bon di ox ide (88%). The gas com po si tion of xe non (0.5%) + car bon di ox -
ide (99.5%) shows 1.605 times higher tis  sue equiv  a  lence com  pared to the ICRU tis  sue. The
in ves ti gated  pho ton  in ter ac tion  pa ram e ters  are  use ful  for  ex po sure  and  en ergy  ab sorp tion
buildup  fac tors  cal cu la tion  and  de sign, and  fab ri ca tion  of  gas eous de tec tors  for  am bi ent  ra di -
a tion  mea sure ment  by  the  Gei ger-Mul ler  de tec tor,  ion iza tion  cham bers  and  pro por tional
coun ters.
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IN TRO DUC TION 
The  in ter ac tion  of  ra di a tion  with  the  sen si tive
me  dium of a de  tec  tor pro  duces the state of ion  iza  tion
and the ions de  tected are the prin  ci  ple of ra  di  a  tion
mea sure ment.  The  de tec tor  pro vides  mea sur able  pa -
ram e ters which yield in for ma tion on the amount of en -
ergy de  pos  ited within the de  tec  tor me  dium. When the
me  dium of in  ter  ac  tion is gas-filled, the de  tec  tors are
clas si fied  as  gas eous  de tec tors.  Ion iza tion  cham bers,
pro por tional coun ters and Gei  ger-Muller (GM) de tec -
tors are widely used for mea sur ing the am bi ent gamma 
ra di a tion  level  and  es ti ma tion  of    ra dio ac tiv ity  at  nu -
clear  power  re ac tors,  re search  re ac tors,  ac cel er a tors,
re search  lab o ra to ries,  nu clear  med i cal  cen ters,  phar -
ma ceu ti cal  in dus tries,  can cer  treat ment  fa cil i ties  and
for  the  iden ti fi ca tion  of  trace  quan tity  of  ra dio ac tiv ity
of gases, smoke de  tec  tion, re  mote sens  ing, mi  cro-do  -
sim e try,  etc. Am  bi  ent gamma dose rate mea  sure  ment
in  side nu  clear fa  cil  i  ties is one of the mea  sure as  pects
for radiological pro  tec  tion of the work  ers engaged in
op er a tion  and  main te nance  and  health i ness  of  nu clear
sys  tems operation. The work  place gamma equiv  a  lent
dose rate in nu clear fa cil  i  ties is a pa ram e ter for the  de -
sign  of  re ac tors  and  ac cel er a tor  shield ing,  and  for
plan ning  their  op er a tion  and  main te nance.  The  equiv -
a lent dose rate mea sured by ra di a tion de tec tors is a di -
rect  in di ca tion  of  oc cu pa tional  risks/haz ards  from
gamma  ra di a tion  in  nu clear  fa cil i ties.  The  tis sue
equiv  a  lent (TE) gas me  dium of a de  tec  tor rep  re  sents
the in di vid ual ab sorbed gamma dose by mul ti pli ca tion 
of the work place dose equiv a lent rate and the du ra tion
of avail abil ity. The per sonal dose equiv a lent mea sured 
by a personal do  sim  e  ter is re  lated to the equiv  a  lent
dose  mea sured  by  ra di a tion  de tec tors.
Ra di a tion  mea sure ment  by  de tec tors  is  ac cept -
able when the mea  sur  ing me  dium/ma  te  rial is a tis  sue
sub sti tute for pho ton in ter ac tion, ra di a tion ab sorp tion,
and scat  ter  ing pro  cesses. Suit  able ways of com  par  ing
the  ra di a tion  char ac ter is tics  of  hu man  body  tis sue  and
TE  sub sti tutes  are  the  pho ton  mass  at ten u a tion  co ef fi -
cient, mass en  ergy ab  sorp  tion co  ef  fi  cient or the ef  fec  -
tive atomic num ber. The equiv a lence of the de tec tor to
hu man body tis sue is achieved by em ploy ing TE ma te -
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Sta  tion-3&4, NPCIL, Karwar, 581400, Karnatak, In  diari  als like de  tec  tor walls and gas  eous me  di  ums. Gas  -
eous de tec tors are filled with a va ri ety of gases and dif -
fer ent  com po si tions  of  hy dro car bon,  in ert  gases,  etc.
No  ble gases and pure or bi  nary mix  tures like 90% ar  -
gon and 10% meth ane gas (P-10) and a mix ture of 95% 
ar gon and 5% meth  ane (P-5), are widely in use in pro  -
por  tional coun  ters. Many other hy  dro  car  bons, such as
meth  ane and eth  yl  ene, are also suit  able for pro  por  -
tional coun ters. Gamma-ray ex po sure  mea sure ment is
car  ried out by air-filled ion  iza  tion cham  bers with the
walls air-equiv  a  lent made of plas  tic, alu  mi  num or
stain less steel. Ion iza tion cham bers are also filled with 
meth  ane for 1.836 MeV and 3.26 MeV pho  ton, ar  -
gon/pro  pane [1, 2] and other me  di  ums, such as acet  y  -
lene. GM de  tec  tors use in  ert gases such as he  lium, ar  -
gon, and xe  non with com  mon quench  ing agents
eth a nol,  pro pane,  bu tane,  ethyl  for mu late  and  halo -
gens  to  pre vent  con tin u ous  ion iza tion.  In  ad di tion,
GM de  tec  tors are also filled with meth  ane, car  bon di  -
ox  ide, and a mix  ture of meth  ane and ar  gon for spe  cial
pur poses.
The ef  fec  tive atomic num  ber, Zeff, of ICRU tis  -
sue, 7.46 [3]; wa  ter, 7.9; PMMA phan  tom, 6.56 [4];
Li2B4O7, 7.23 [5], A-150 plas  tic [6], and a bio-mol  e  -
cule pres ent in DNA, RNA, and ret ina showed sig nif i -
cant vari a tions in the pho ton  en ergy range of 0.001-20 
MeV [7]. The un  der  es  ti  ma  tion of the per  sonal dose
equiv a lent of ra di a tion de tec tors has been in ves ti gated 
in the high en  ergy brems  strah  lung ra  di  a  tion near the
450 MeV elec  tron stor  age ring [8] and tis  sue equiv  a  -
lent pro  por  tional coun  ters (TEPC) have been stud  ied
in de  tail [9-12]. There  fore, the Zeff of the gas  eous in  -
ter act ing  me dium  of  de tec tors  is  a  vi tal  pa ram e ter
char ac ter iza tion  for  var i ous  ra dio-nuclides  emit ting
gamma  ra di a tion.
The pho  ton in  ter  acts with the me  dium by
photo-ab  sorp  tion, Compton scat  ter  ing and the pair-
pro  duc  tion pro  cess which de  pend on pho  ton en  ergy,
and the con  stit  u  ent el  e  ment atomic num  ber.  Photo-ab  -
sorp  tion and pair-pro  duc  tion are a com  plete pho  ton re  -
moval pro cess, whereas the Compton in ter ac  tion slows
down pho  ton en  ergy and is then re  moved by the
photo-ab sorp tion  in ter ac tion.  The o ret i cal  val ues  for
mass at ten u a tion co ef fi cients and cross sec tions of var i -
ous el e ments, com pounds and mix tures have been tab u -
lated  by  Berger, et al. and given in the form of  the 
XCOM pro gram  at  en er gies of 1 keV to 100 GeV [13].
A sim  i  lar pro  gram, the XmuDat, also cal  cu  lates the
mass  at ten u a tion  co ef fi cient,  mass  en ergy  trans fer,
mass  at ten u a tion  co ef fi cients  for  el e ments,  com pounds
and mix tures in the en ergy range from 1 to 50 MeV pho -
ton en  ergy range for med  i  cal phys  ics pur  poses [14].
Sev  eral  au  thors  have  in  ves  ti  gated  pho  ton  in  -
ter ac tion pa ram e ters such as the ef fec tive atomic num -
ber and elec tron den si ties for var i ous com pos ite ma te -
ri  als at pho  ton en  er  gies from 1 keV to 1 GeV [15],
phos phate  glass  con tain ing  Bi2O3, PbO, and BaO at
662  keV  [16],    to tal  mass  at ten u a tion  co ef fi cients,  ef -
fec  tive atomic and elec  tron num  bers for PbO, bar  ite,
cole  man  ite, tin  cal, and ul  ex  ite at 80.1, 302.9, 356.0,
661.7, and 1250.0 keV pho ton en er gies [17], the ef fec -
tive atomic num  ber of com  pos  ite ma  te  ri  als such as
bakelite, ny lon, tef lon etc., in the pho ton en ergy re gion 
from 280-1115 keV, by  mea  sur  ing  the in  co  her  ent
scat ter ing  cross-sec tion  [18],  pho ton  in ter ac tion  pa -
ram e ters  of  com mon  sol vents  [19],  ef fec tive  atomic
num  bers and elec  tron den  si  ties of solid state de  tec  tors
[20],  mass  at ten u a tion  co ef fi cients,  ef fec tive  atomic
num bers, and elec tron den si ties of thermoluminescent
dosimetric com pounds [21], as well as pho ton at ten u a -
tion co  ef  fi  cients and the ef  fec  tive atomic num  ber of
ce ment [22]. The stop ping power of elec trons in gases
[23] and beta-ef  fi  ciency of the gas-flow ion  iza  tion
cham  ber have been re  ported in [24], how  ever, pho  ton
in ter ac tion  pa ram e ters  of  com monly  used  gases  and
gas eous  mix tures  in  de tec tors  which  are  needed  for
pho  ton  spec  trum   abun  dance  in  the  range of 0.10-
-10 MeV in a re ac  tor and 4-40 MeV in ac  cel  er  a  tor op  -
er a tions,  have  not  been  in ves ti gated.  The  char ac ter is -
tics of gamma pho  ton in  ter  ac  tion with gases are cru  -
cial as far as the ra  di  a  tion equiv  a  lent dose rate
mea  sure  ment and their tis  sue equiv  a  lence are con  -
cerned.
TE gases based on meth  ane (64.4% CH4, 32.5%
CO2, and 3.1% N2) and pro  pane (55% C3H8, 39.8%
CO2, and 5.4% N2) are com mer cially avail able for use
in ra  di  a  tion de  tec  tors [25, 26]. How  ever, gamma ra  di  -
a tion  mea sure ment by  de tec tors  which  con tain  hy dro -
car  bons and in ert-hy  dro car  bon are not avail  able in lit -
er a tures  for  com plete  un der stand ing  and  de tailed
study. In the pres  ent pa  per, we have stud  ied the in  ter  -
ac tion of the gamma pho ton, ef fec tive atomic num bers 
and tis  sue equiv  a  lence of CO2 (car bon  di ox ide),  CH4
(meth ane),  C2H2  (acet y lene),  C3H8 (pro  pane), C4H10
(bu tane),  C5H12 (pentane), and their gas  eous mix  ture
com po si  tions with in ert gases and the like, at an at mo -
spheric pres  sure of 1 [27]. Our study high  lights the
suit  able com  po  si  tion of gases for the tis  sue equiv  a  -
lence for gamma ra di a tion de tec tors based on Zeff sim -
u la tions.  Re cently,  the  ef fec tive  atomic  num bers  and
elec  tron den  si  ties of sev  eral gases in the range from 1
keV to 1000 MeV have been stud  ied [28].
COM PU TA TIONAL  WORK
In  the  pres ent  work,  in or ganic,  hy dro car bon
gases and mix  tures of these gases with in  ert and other
me di ums  whose  chem i cal  com po si tions  are  given  in
tab. 1 have been cho  sen. Ta  ble 1 also con  tains ICRU
tis  sue, A-150 plas  tic, meth  ane/pro  pane based TE
gases, the PMMA phan  tom, wa  ter, and air. Com  pu  ta  -
tional work on pho  ton in  ter  ac  tion with gases for the
mass  at ten u a tion  co ef fi cient,  µm,  ef fec tive  atomic
num ber,  Zeff and elec  tron den  si  ties, Neff, are based on
the ba  sic Lam  bert-Beer law as,
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where, I and I0 are pho ton in ten si ties of the trans mit ted
and in  ci  dent pho  ton of en  ergy E, me  dium thick  ness,
and mm,  the  mass  at ten u a tion  co ef fi cient.
Com pu ta tion  of  mass
at ten u a tion  co ef fi cient
The  mass  at ten u a tion  co ef fi cients  for  el e ments
(Z = 1-92) and some ad  di  tional dosimetric cal  cu  la  -
tions are pro  vided by Hubbel, et al., [29]. Us  ing the
mix ture rule, the mass at ten u a tion co ef fi cient of dif fer -
ent gases has been ob  tained us  ing the fol  low  ing re  la  -
tion
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where, wi is the frac tional weight and (m/r)i is the mass
at ten u a tion  co ef fi cient  of  the  i
th  con stit u ent  el e ment.
The quan  tity wi is given by,
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un der  the  con di tion  w i
n
i = å 1  and Ai be  ing the atomic
weight of the i
th el e ment,  with  ni as the num  ber of for  -
mula units.
Ef fec tive  atomic  num ber
The ef  fec  tive atomic num  ber of gas for pho  ton
can  be  ob tained  by  mass  at ten u a tion  co ef fi cient  val -
ues. The to tal mo lec u lar cross-sec tion, sm, of the gas is 
de  ter  mined by the for  mula
s m m m
i i i
A
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where, ni is the to  tal num  ber of at  oms (with re  spect to
mass num  ber) in the mol  e  cule, Ai – the atomic weight
of the i
th el e ment in a mol e cule, and NA – the Avo ga dro
num ber  (atom/g).
The av  er  age atomic cross-sec  tion, sa, is ob  -
tained by di  vid  ing the mo  lec  u  lar cross-sec  tion by the
to  tal num  ber of for  mula units as
s
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Sim i larly,  the  av er age  elec tronic  cross-sec tion
se, for the in  di  vid  ual el  e  ments is given by
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where, fi  = ni/Sjnj and Zi are the frac  tional abun  dance
and  atomic  num ber  of  con stit u ent  el e ments,  re spec -
tively;  nj is the num  ber of at  oms of con  stit  u  ent el  e  -
ments, Sjnj = n is the to  tal num  ber of at  oms pres  ent in
the  mo lec u lar  for mula.  The  ef fec tive  atomic  num ber,
Zeff, atomic cross-sec  tion and elec  tronic cross-sec  tion
are re  lated as
Z entionless eff
a
e
=
s
s
[dim ] (7)
Ef fec tive  elec tron  den sity
The ef  fec  tive elec  tron den  sity or elec  tron den  -
sity, Neff (elec  tron per cm3), is re  lated to the ef  fec  tive
atomic num  ber as
N Z eff
A
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RE SULTS  AND  DIS CUS SION
We have cal  cu  lated the mm, sa and se, for CO2,
CH4, C2H2, C3H8, C4H10, and C5H12  at  en er gies from
1 keV-100 GeV us  ing the XCOM pro  gram. Based on
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Ta ble  1.  El e men tal  com po si tions  of  tis sue  sub sti tutes,  gases  and  other  in ter act ing  mediums
Serial
number Description
Percentage composition of elements
H C N O F Ca Ar
1 ICRU tissue 10.10 11.10 2.60 76.20 – – –
2 A-150 plastic 10.20 76.80 3.60 5.90 1.70 1.80 –
3 PMMA phantom 8.05 59.98 – 31.96 – – –
4 Water 11.20 – – 88.88 – – –
5 Air – 0.01 75.52 23.17 – – 1.30
6 Methane bases TE gas 10.20 45.60 3.50 40.70 – – –
7 Propane bases TE gas 10.30 56.90 3.50 29.30 – – –
8 CO2 – 27.29 – 72.71 – – –
9 CH4 25.13 74.86 – – – – –
10 C2H2 7.74 92.26 – – – – –
11 C3H8 18.29 81.71 – – – – –
12 C4H10 17.34 82.66 – – – – –
13 C5H12 16.76 83.24 – – – – –
* 1 barn = 10
–28 m
2these re  sults, we have es  ti  mated the ef  fec  tive atomic
num ber, Zeff (i. e. ra tio of the atomic cross-sec tion and
elec tronic  cross-sec tion)  and  ef fec tive  elec tron  den -
sity, Neff, at dif  fer  ent pho  ton en  er  gies, as ex  plained in
eqs. (1) to (8). The sim  u  la  tion of gas  eous com  po  si  -
tions for tis  sue equiv  a  lence, i. e. the tis  sue equiv  a  lent
ef fec tive  atomic  num ber  (TEZeff)  of  var i ous  com po si -
tions of the gases with ar gon, xe non, ni tro gen, and hy -
dro  car  bons, are an  a  lyzed by the XmuDat pro  gram.
The per cent age com po si tions of the gases are found to
vary, so as to achieve the ef  fec  tive atomic num  ber of
gas clos  est to the tis  sue equiv  a  lent. 
Pure gases of ra  di  a  tion
de tec tors
Mass  at ten u a tion  co ef fi cient
From fig. 1, we have found that the vari  a  tion of
the  mass  at ten u a tion  co ef fi cient,  mm, can be ex  plained
by  ba sic  ra di a tion  in ter ac tion  prin ci ples  in  terms  of
three en  ergy re  gions: low, in  ter  me  di  ate and high pho  -
ton en  ergy. In the low pho  ton en  ergy re  gion, it un  der  -
goes  pho to elec tric  ab sorp tion  where  the  cross-sec tion
is pro  por  tional to the atomic num  ber, Z4-5, and in  -
versely pro  por  tional to pho  ton en  ergy, Eg
7 2 / , where Eg
is the en  ergy of the  pho  ton. The atomic num ber of the
con  stit  u  ents (car  bon and hy  dro  gen) of all gases such
as CH4, C2H2, C3H8, C4H10, and C5H12 are the same,
ex  cept for CO2 and, there  fore, the mm val  ues of the
gases are near to sim  i  lar within the pho  to  elec  tric ab  -
sorp tion re gion. In the in ter me di ate en ergy re gion, the
Compton  scat ter ing  is  the  dom i nant  in ter ac tion  and
the cross-sec  tion is pro  por  tional to Z and in  versely
pro por tional  to  en ergy  Eg . Fi  nally, in the high pho  ton
en  ergy re  gion, the pair-pro  duc  tion pro  cess plays a
dom  i  nant role and its cross-sec  tion is pro  por  tional to
Z2. The mm val  ues of the gases re  duce grad  u  ally in en  -
er gies from 0.1 to 10 MeV, whereas they be gin to grad -
u  ally rise and be  come in  vari  able in the high pho  ton
en ergy  re gion. 
Ef fec tive  atomic  num ber
We have es  ti  mated the Zeff for CO2, CH4, C2H2,
C3H8, C4H10, and C5H12 by  cal cu lat ing  the  to tal  atomic
cross-sec tions,  sa, and elec  tronic cross-sec tions,  se, at
en  er  gies from 1 keV to 100 GeV, shown in fig. 2. The
fig  ure shows that the Zeff of the gases is ap  prox  i  mately
con  stant in the low-en  ergy pho  ton re  gion, reach  ing the
min ima  at  the  in ter me di ate  pho ton  en ergy.  The  Zeff for
CO2 gas is com par a tively high at all en er gies of the pho -
ton re  gion, whereas the min  i  mum for CH4, the Zeff of
CO2 gas, is more or less con  stant above 100 keV, with  -
out a sig nif i cant re duc tion ex hib ited by other gases. We
found that the Zeff of CO2 for the en  tire pho  ton en  ergy
re  gion nearly equals the hu  man tis  sue equiv  a  lent, i. e.
that it is be  tween 7 and 8. Other hy  dro  car  bon gases
show a sharp re  duc  tion of the Zeff at the pho  ton en  ergy
of 10 keV and con  stant Zeff val  ues be  tween 100 keV to
10 MeV. Also, in  the  in ter me di ate  pho ton  en ergy  re -
gion, these hy  dro  car  bon gases are lesser Zeff (»1.65 to
5), which is far from the ICRU tis  sue value.
We have found the Zeff of CO2, CH4, C2H2,
C3H8, C4H10, and C5H12 val  ues for the pho  ton en  ergy
range of 1-10 keV to be 7.61-7.67, 5.95-4.23,
5.98-5.39, 5.96-4.66, 5.99-5.69, and 5.99-4.76. The
Zeff of the gases sharply goes down as the pho  ton en  -
ergy ex  ceeds 10 keV and reaches the min  ima of 7.33,
1.65, 2.87, 1.92, 5.0, and 1.99 for CO2, CH4, C2H2,
C3H8, C4H10, and C5H12, re  spec  tively. The value of
Zeff from 10 keV to 1.22 MeV is in  vari  able and in  -
creases as the pho  ton en  ergy ex  ceeds 1.22 MeV be  -
cause of the dom i nant pair-pro duc tion in ter ac tion pro -
cess. We have also found that the Zeff val  ues of all
gases be come con stant above 100 MeV. The Zeff of the
above cited gases has also been com pared with the av -
er age sin gle value, <Zeff> by the XmuDat pro gram and 
was found to be 7.58, 5.19, 5.74, 5.41, 5.43, and 5.45
for CO2, CH4, C2H2, C3H8, C4H10, and C5H12, re  spec  -
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Fig ure  1.  Mass  at ten u a tion  co ef fi cient  vs. pho  ton en  ergy
for CO2, CH4, C2H2, C3H8, C4H10, and C5H12
Fig ure 2. Variaton of ef fec tive atomic num ber vs. pho ton
en  ergy for CO2, CH4, C2H2, C3H8, C4H10, and C5H12tively. There  fore, CO2 is the most suit  able gas for
gamma ra  di  a  tion de  tec  tion, as far as tis  sue equiv  a  -
lence is con  cerned. 
Ef fec tive  elec tron  den sity
The vari  a  tion of elec  tron den  sity, Neff, of the se  -
lected gases with pho  ton en  ergy is lin  early de  pend  ent
on Zeff, and there  fore fol  lows the vari  a  tions of the Zeff.
The Neff of the gases is shown in fig. 3 which shows that
the Neff of the CO2 gas is ob  served ap  prox  i  mately in  -
vari able and lower com pared to oth ers. The Neff of CH4, 
C2H2, C3H8, C4H10, and C5H12 in the pho  ton en  ergy
range of 1 to 10 keV are 11.15×1023-7.93×1023,
5.53×1023-4.99×1023, 8.95×1023-7.00×1023, 8.68×1023-
8.24×1023, and 8.64×1023-6.75×1023,  re spec tively.  The
Neff value of the gases reaches the min  ima above the
pho  ton en  ergy of 50 keV. We have also found that the
ef fec tive  elec tron  den si ties  of  all  hy dro car bon  gases
grad u ally in crease above 10 MeV and be come sta ble af -
ter  wards. The Neff of the gases cal  cu  lated by the
XmuDat pro  gram were found to be 3.55×1020, 2.50×
×1020, 3.52×1020, 1.63×1020, 8.78×1020, and 2.20×1023 for
CO2, CH4, C2H2, C3H8, C4H10, and C5H12, re spec tively.
Mix ture  of  gases  in  ra di a tion  de tec tors
A bi o log i cal tis sue equiv a lence gas com po si tion
mix  ture con  sist  ing of 64.4% meth  ane, 32.9% car  bon
di ox ide  and  3.2%  ni tro gen  is  rec om mended  for
dosimetric pur  poses [30]. Monatomic gases op  er  at  ing
at a high value of gas mul  ti  pli  ca  tion re  quire a quench
gas for sta  bi  liz  ing the ad  di  tive. No  ble gases, viz. ar  -
gon, kryp  ton and xe  non, are use  ful pro  por  tional gases
which re  quire ad  di  tional polyatomic quench gases to
re duce  in sta bil i ties  and  proportionalities  losses.  High
atomic num  ber gases are uti  lized for ob  tain  ing a high
ef  fi  ciency of de  tec  tors for gamma-ray pho  ton mea  -
sure  ment. We have, there  fore, stud  ied dif  fer  ent com  -
po  si  tions of these gases, so as to es  tab  lish suit  able
com po si tions  for  gamma  ra di a tion  mea sur ing  de tec -
tors based on the tis  sue equiv  a  lent ef  fec  tive atomic
num ber. 
Ef  fec  tive atomic num  ber of the
gas eous  mix ture
The av er age ef fec tive atomic num ber <Zeff> val -
ues for meth  ane, acet  y  lene, pro  pane, bu  tane and
pentane were found to be 5.19, 5.74, 5.40, 5.43, and
5.45, re  spec  tively. The <Zeff> of the mix  tures of: (a)
ar  gon and meth  ane, (b) ar  gon and car  bon di  ox  ide, (c)
xe  non and car  bon di  ox  ide, and (d) meth  ane and
pentane, are shown in fig. 4 (a-d). In fig. 4, the per cent -
age com  po  si  tion of a gas has been plot  ted on the ab  -
scissa and the <Zeff> value on the or di nate. Fig ure 4 (a) 
shows that the <Zeff> of a mix ture of ar gon with meth  -
ane in creases with the in crease in the per cent age com -
po si tion of ar gon in the mix ture. Sim i larly, in fig. 4 (b), 
and fig. 4 (c), the value of <Zeff> in creases with the in -
crease in the per  cent  age of xe  non and ar  gon in the
com po si tion. In all three cases, <Zeff>min is close to the
TE value and, hence, the min  i  mum value of the in  ert
gas is suit able for com po si tion. How ever, a mix ture of
hy  dro  car  bons such as meth  ane with pentane shows
that <Zeff> de  creases from 5.45 to 5.20 as the per  cent  -
age com  po  si  tion of the meth  ane in  creases, if only
slightly. As the per  cent  age com  po  si  tion of a no  ble gas
in creases in the mix ture, the <Zeff> drifts fur ther away
from tis sue equiv a lence.  The Zeff of mix tures of ar gon
(4.5%) + meth  ane (95.5%), 7.44; ar  gon (0.5%) + car  -
bon di  ox ide (99.5%), 7.76; xe  non (0.5%) + car  bon di  -
ox  ide (99.5%), 11.98; and meth  ane (0.5%) + pentane
(99.5%), 5.45 were ob  served. We have found that a
min i mal per cent age con tri bu tion of no ble gases is suit -
able for the TE gas mix  ture and that the re  duc  tion of
hy dro car bon  con tents  in creases  the  av er age  ef fec tive
atomic num  ber of the mix  ture.
We  have  also  in ves ti gated  the  com po si tion  of
more than two gases for ni tro gen, meth ane and car bon
di  ox  ide gases. The <Zeff> of the mix  ture of ni  tro  gen
(5%) + meth  ane (7%) + car  bon di  ox  ide (88%) and ni  -
tro  gen (3.2%) + meth  ane (64.4%) + car  bon di  ox  ide
(32.4%) was found to be 7.41 and 6.16, re  spec  tively.
The mix  ture of ni  tro  gen (5%) + meth  ane (7%) + car  -
bon di  ox  ide (88%) is a suit  able com  bi  na  tion of the
gases  for  ra di a tion  de tec tors.  Rel a tive  tis sue  equiv a -
lence of the gases with re  spect to the ICRU tis  sue
shows that air, ar gon (4.5%) + meth ane (95.5%), ar gon 
(0.5%) + car  bon di  ox ide (99.5%) and ni  tro  gen (5%) +
+ meth ane (7%) + car bon di ox ide (88%) are within the
range of 0.998-1.041. There  fore, these gases are suit  -
able for gamma ra di a tion de tec tors in ra di a tion pro tec -
tion. The gas com  po  si  tion of xe  non (0.5%) + car  bon
di  ox  ide (99.5%) shows a 1.605 times higher tis  sue
equiv  a  lence as com  pared to the ICRU tis  sue.
Elec tron  den si ties  of  gas eous  mix tures
The  av er age  ef fec tive  elec tron  den sity,  <Neff>,
of the mix ture of se lected gases is given in tab. 2. Elec -
tron den  si  ties of gas mix  tures ex  am  ined were noted in
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Fig ure  3.  Vari a tion  of  ef fec tive  elec tron  den sity  vs. pho  -
ton en  ergy for CO2, CH4, C2H2, C3H8, C4H10, and C5H12the range of 4.90×1020 to 5.54×1020 elec  tron per cm3,
ex  cept for the mix  ture of pure hy  dro  car  bon gases,
amount  ing to 3.86×1022. The rel  a  tive tis  sue equiv  a  -
lence of var  i ous mix tures of gases shows that the mix -
ture of ar gon (4.5-5%) with meth  ane and car bon di ox -
ide (95.5%) is the best pos  si  ble com  bi  na  tion of gases
for  ra di a tion  de tec tors  known  at  pres ent.
CON CLU SIONS
The  mass  at ten u a tion  co ef fi cient  of  the  se lected
gases de  creases with the in  crease in the in  ci  dent pho  -
ton en  ergy. Ef  fec  tive atomic num  bers of CO2, CH4,
C2H2, C3H8, C4H10, and C5H12 show a sud  den de  -
crease within the 10 keV-10 MeV pho  ton en  ergy
range,  af ter wards  grad u ally  be com ing  con stant  in  the
high en  ergy pho  ton re  gion. CO2 gas shows the clos  est
tis sue equiv  a  lent in the en  tire pho  ton en  ergy spec  trum
of 1 keV to 100 GeV. The av  er  age ef  fec  tive atomic
num  ber of a mix  ture of ar  gon (4.5%) + meth  ane
(95.5%), ar  gon (0.5%) + car  bon di  ox  ide (99.5%) and
ni  tro  gen (5%) + meth  ane (7%) + car  bon di  ox  ide
(88%) showed tis sue equiv  a lence. It is, there  fore, safe
to con clude that the said mix tures are a suit able com bi -
na tion for gamma ra di a tion de tec tors, as far as do sim e -
try is con  cerned.
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Fig ure 4(a-d). Vari a tion of av er age ef fec tive atmic num ber with vary ing gas com po si tions (only one com po si tion per cent -
age is shown in the graphs)
Ta ble  2.  Elec tron  den si ties  and  rel a tive  tis sue  equiv a lence  of  var i ous  mix tures  of  gases
Serial
number Gas mixture composition <Zeff> <Neff>
(electron/cm
3)
Relative tissue equivalence with
ICRU tissue (Zeff = 7.46)
1  Air 7.77 3.62×10
20 1.041
2 Argon (4.5%) + methane (95.5%) 7.45 2.54×10
20 0.998
3 Argon (0.5%) + carbon dioxide (99.5%) 7.76 5.54×10
20 1.040
4 Xenon (0.5%) + carbon dioxide (99.5%) 11.98 5.56×10
20 1.605
5 Methane (0.5%) + Pentane (99.5%) 5.45 386×10
20 0.730
6 Nitrogen (5%) + methane (7%) + carbon dioxide (88%) 7.41 4.90×10
20 0.993
7 Nitrogen (3.2%) + methane (64.4%) + carbon dioxide (32%) 6.16 2.99×10
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Vi{vanat P. SING, Nagapa M. BADIGER
EFEKTIVNI  ATOMSKI  BROJEVI,  GUSTINE  ELEKTRONA  I
EKVIVALENTNOST  TKIVA  NEKIH  GASOVA  I  SME[A  PRI
DOZIMETRIJI  DETEKTORA  ZRA^EWA
Totalni maseni koeficijent atenuacije mm, efektivni atomski broj Zeff, i efektivna
gustina elektrona Neff, razli~itih gasova: ugqendioksida, metana, acetilena, propana, butana, i
pentana, koji se koriste u detektorima zra~ewa – sra~unati su za energije fotona od 1 keV do 100
GeV. Svaki gas ima konstantnu vrednost za Zeff  na energijama od 0.1 do 10 MeV; me|utim, ove
vrednosti dosta odstupaju od vrednosti ICRU tkiva. Gas ugqendioksid pokazuje najve}u sli~nost
tkivu u celom opsegu energija fotona. Relativne tkivne ekvivalentnosti me{avine gasova u
odnosu na ICRU tkivo su u opsegu od 0.998 do 1.041 za vazduh, ar  gon (4.5%) + metan (95.5%), ar  gon
(0.5%) + ugqendioksid (99.5%), i azot (5%) + metan (7%) + ugqendiioksid (88%). Sme{a ksenona
(0.5%) + ugqendioksida (99.5%) daje 1.605 puta ve}u vrednost tkivne ekvivalentnosti u pore|ewu
sa ICRU tkivom. Ispitivani parametri interakcije fotona su korisni za prora~une faktora
izlagawa faktora nagomilavawa gasnih detektora za merewe ambijentalnog zra~ewa
Gajger-Milerovim broja~m, jonizacionom komorom i proporcionalnim broja~em.
Kqu~ne re~i: efektivni atomski broj, gama detektor, tkivna ekvivalentnost, reaktor,
..........................ugqovodonici, inertni gasovi